In this study, we investigated the changes in topological architectures of brain functional networks in sleep deprivation. By collecting participants in sleep deprivation of functional magnetic resonance imaging (fMRI), our result shows that the functional brain network of the clustering coefficient, characteristic path length and local efficiency are significantly increased but the global efficiency decreased significantly in sleep deprivation. Additionally, significant alterations in nodal efficiency were also found in sleep deprivation, involving anterior cingulate, inferior parietal, supramarginal gyrus, caudate nucleus, thalamus are significant decreased, and themiddle temporal gyrus are significant increased.
INTRODUCTION
In 1998, Watts and Strogatz found the small worm's neural network shows the feature of small world (Watts & Strogatz 1998) , and concluded that human brain system also has a complex network of small-world properties, then studies confirm the inference ( This study based on a common phenomenon in current society -lack of sleep. Studies have shown that adequate sleep is an important basis of human health. In current social environment, overtime work is widespread. In order to study how the lack of sleep affect our brain, researchers began to use an experiment, sleep deprivation, to study changes in our brain. Sleep deprivation is an experiment that to study the change of cognitive and neural activity via sleep restriction. Nowadays researches mainly through functional magnetic resonance imaging (fMRI), electroencephalography (EEG) and other data analysis to reflect the changes in human cognitive activity. Previous studies have shown that sleep deprivation has effects on human cognitive reaction speed, learning, work memory, attention, vigilance, and Inhibition ( , participates has fatigue, drowsy, unresponsive, action instability and other physiological phenomenon. Individual cognitive impairment will be sustained serious with the time of sleep deprivation increasing. It is a very fatal problem for drivers, pilots, hospital staff, astronauts, etc.
In the current study, we specifically focused on the brain network of sleep deprivation by the disruption of small-world properties and efficiency based on resting-state fMRI data. First, we construct binary brain networks of each participate with 90 brain regions as nodes extracted by an automated anatomical labeling (AAL) template. Second, calculating the parameters of the brain network (clustering coefficient, characteristic path length, local efficiency, global efficiency and nodal efficiency) in different connection densities. Third, statistical analysis the differences between the sleep deprivation group and normal sleep group. Finally, to evaluate the effects of sleep deprivation.
MATERIALS AND METHODS

Participants
Through questionnaire, forums and other ways, our study acquire 25 volunteers (13 male, 12 female) age ranges 18 to 22 years old (20±2 years), and all volunteers must be normal in physiology tests and sleep habits (sleep more than 7 hours one day). All participants must pass through Pittsburg Sleep Quality Index (PSQI) (Buysse et al. 1989 ) that the test score need lower than 5 points. Finally our study selects 21 participants (11 male, 10 female). Participants was written the informed consent before the experiment, and participants were given the appropriate fee after the end of the experiment.
FMRI Data Acquisition
Participants are required to take part in three procedures. First, familiar with the experimental environment. Second, normal sleep resting-state fMRI data acquisition (normal sleep group). Final, got the sleep deprivation fMRI data (sleep deprivation group). Each step interval is a week.
Participants of normal group were awake at 8:00 a.m., doing some normal activities (but no strenuous exercise) during the experiment, and having a normal sleep. Participants of sleep deprivation group experienced the same procedure as those of normal group, except didn't sleep at night. When experiment time is ending, both group accepted the fMRI scans in resting-state.
All MR images were scanned by using a Siemens Trio 3-T scanner. Restingstate BOLD-fMRI signal was acquired using an echo planar imaging (EPI) sequence with the following parameters: repetition time (TR) = 1.5s, flip angle (FA) = 90°, field view (FOV) = 24cm×24cm, slices = 25. The scan lasted for 300 seconds.
Data Preprocessing
All the fMRI preprocessing was carried out using the SPM8 . Processing steps include head-motion correction (the head of participant moves no more than 2.5mm), spatially normalized (standard MNI template), spatial smoothing and temporal bandpass low-frequency.
After the above preprocessing, To measure the functional connectivity among regions, we use the anatomical automatic labeling (AAL) template which segment brain fMRI data into 90 regions (45 for each hemisphere), then, for each subject, we obtain a representative time series of each brain region, dimension of 90×200 matrix, by simply averaging the fMRI time series over all voxels in each region.
Based on 90×200 matrix, using the Pearson correlation coefficient, we get a symmetric correlation matrix (90× 90) of each subject. To simply the statistical calculation, a Fisher r-to-z transformation is applied to increase the normality of the symmetric correlation matrix. Finally, the Fisher absolute z values used as the brain network connectivity.
BRAIN NETWORK CONSTRUCTION AND NETWORK PROPERTIES
According to apply a correlation threshold T (Fisher's r-to-z) to the partial correlation coefficients, we get an N×N (N=90 in present study) undirected binary brain network, G. that is, if the absolute z(i,j) (Fisher's r-to-z of the Pearson's correlation coefficient) of a pair of brain nodes exceeds a threshold T, an edge is exist of the node i and j; otherwise it does not exist. Defining the sub-graph Gi which represent all the direct neighbor nodes of the node i. The degree of node i, Ki = 1, 2, 3,……, N, was defined as the total number of the neighbors.
The cost (connection density) measures how expensive to build the network.it was defined as the total number of edge in the network divided the maximum possible number of edges. 
The clustering coefficient of a node was that a ratio between the number of existing edges (Ei) and the possible edges in sub-graph Gi.
The network clustering coefficient is the average of the all node. Where Cnet is represent the extent of the local density.
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The mean shortest path length of a node was average all the shortest path which start node i and end with other nodes.
Where min{Li, j} is the shortest path length of node and node j. The characteristic path length of the network is the average of the whole nodes of the network. Lnet is a measure of the average distance of the network.
The global efficiency, Eglobal is defined as the sum of all inverse of the min{Li,j}. Eglobal is a measure of the parallel information transfer capability of the network.
The local efficiency of node i was defined as： , , Where NGi is the nodes of the sub-graph Gi , The local efficiency of node is a measure of the fault tolerance of sub-graph, which indicates that higher local efficiency is more stable while the node was eliminated.
The mean local efficiency of network is the average of the local efficiency of nodes.
The node efficiency is defined as the inverse of the harmonic mean of the minimum length of path between node i and all other nodes in the network.
NETWORK ANALYSIS Altered Network Features of Brain Functional Network in Sleep Deprivation
In term of different threshold T (Fisher's r-to-z) to the partial correlation coefficients, we get network density Kcost in range of 0.3-0.5 and calculate the clustering coefficient, characteristic path length, local efficiency, global efficiency (Fig.1A, B, C, D) . Statistical analysis reveal that clustering coefficient and local efficiency are significant differences in Kcost (Fig.1A, B) , suggesting that local processing efficiency enhanced; the characteristic path length is significant increased and global efficiency is significant decreased, suggesting that the brain functional network has lower messaging capabilities in sleep deprivation. Despite sleep deprivation is negative impact of our body, the brain improve the local processing capability through self-regulation to resist the impact (Drummond et al. 2004 ).
Altered Nodal Efficiency in Sleep Deprivation
To further reveal the influence of the sleep deprivation, the two group difference in nodal efficiency was tested at the connection density of 0.41. We find that the nodal efficiency in anterior cingulate (ACG.R), inferior parietal (IPL.R), supramarginal gyrus (SMG.R), caudate nucleus (CAU.L, CAU.R), thalamus (THA.L) are significant decreased. And the temporal pole: middle temporal gyrus (TPOmid.L, TPOmid.R) are significant increased (see Fig. 2 , Table I ). We conclude that the nodal efficiency is affected by sleep deprivation obviously.
The anterior cingulate is effect on inhibitory control, attention and vigilance. Suggesting that human may distracted easily and lapse. The thalamus (THA.L) is also effect on attention. The angular gyri (IPL) and supramarginal gyrus (SMR) is important cause of semantic processing and somatosensory. In contrast, the middle temporal gyrus is increased, which indicate that not all effect of nodal efficiency is decreased in sleep deprivation. It may comfirm the compensatory mechanism of the brain to prevent the affection of sleep deprivation. Table 1 for the detail of the regions. 
CONCLUSION
In summary, our study concentrate on small-world properties, which is disrupted in sleep deprivation. Efficiency of parallel information transfer is reduced because of global efficiency significantly increased.
In addition, the nodal efficiency is profoundly affected, our attention may distracted easily and lapse (micro-sleep) duo to the anterior cingulate and thalamus decreased, and the vigilance is also decreased which is important of us to avoiding danger.
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